###### Strength and limitations of this study

-   We used a dynamic transmission model to take into account that the risk of colonisation in the intensive care unit depends on the number of extended-spectrum beta-lactamase-producing Enterobacteriaceae carriers and could change over time.

-   Parameters used in the model were derived from recent multicentre studies.

-   We undertook sensitivity analyses to show the impact of uncertainty in parameter estimation and the impact of model assumptions on the conclusions.

-   Direct healthcare worker (HCW) to HCW transmissions as well as environmental contamination were not included in the model.

Introduction {#s1}
============

The incidence of infection and colonisation with extended-spectrum beta-lactamase-producing Enterobacteriaceae (ESBL-PE) has increased worldwide.[@R1] In Europe, in 2014, the percentage of *Escherichia coli* and *Klebsiella pneumoniae* resistant to third-generation cephalosporins in invasive isolates was 12% and 23%, respectively.[@R1] A similar trend was observed in the USA, although with large variations between states.[@R2]

In hospital settings, ESBL-PE acquisition is mainly due to indirect transmission between patients with the hands of healthcare workers (HCWs) as vectors.[@R5] Increased prevalence of colonisation augments the risk of acquiring ESBL-PE infection.[@R6] Such infections represent a serious socioeconomic burden and are associated with a raised mortality, more frequent hospital admissions in comparison with non-carriers and additional costs.[@R7]

Many interventions have been proposed to limit the transmission of multidrug-resistant organisms (MDROs) in hospitals. They can be classified as either (1) a 'universal' or 'horizontal' approach, applied to all patients, for example, improvement of hand hygiene (HH) among HCWs or antibiotic stewardship or (2) a 'targeted' or 'vertical' approach, for example, screening and isolation of asymptomatic carriers in addition to infected patients, with the aim of identifying carriers and implementing measures to prevent the transmission from carriers to other patients.[@R8]

There is general agreement that HH reduces the transmission of MDROs, especially methicillin-resistant *Staphylococcus aureus* (MRSA).[@R6] However, few studies have evaluated the impact of HH on the prevention of ESBL-PE dissemination and they have provided conflicting results.[@R9] The effectiveness of targeted measures in controlling the spread of MDROs, and especially ESBL-PE, remains controversial. This approach is mainly recommended in high-risk units, for example, intensive care units (ICUs).[@R11]

The implementation of interventions with demonstrated effectiveness in reducing ESBL-PE infections is associated with costs that are generally supported by hospitals. However, when evaluating implementation of an infection prevention programme, one should also take into account savings associated with these interventions, but this has been largely ignored in previous studies.

In this study, we used a mathematical model to evaluate the effectiveness and cost-effectiveness of universal and targeted control strategies for the prevention of ESBL-PE transmission in an ICU in a high-income country.

Methods {#s2}
=======

Model {#s2a}
-----

We extended a previously described stochastic, compartmental and dynamic model of ESBL-PE transmission[@R12] to assess the economic impact of infection control strategies implemented in a hypothetical, ICU setting. We run the model over a 1 year to capture all costs and health effects relevant to implemented control strategies.

The model simulated the spread of ESBL-PE among patients through contacts with HCWs in an ICU, taking into account hospital admissions and discharges of patients, antibiotic exposure and control interventions ([figure 1](#F1){ref-type="fig"}). The online [supplementary text S1](#SP1){ref-type="supplementary-material"} provides details of the model and its assumptions.
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![Model of transmission of extended-spectrum beta-lactamase-producing Enterobacteriaceae (ESBL-PE) between patients through contacts with healthcare workers (HCWs) and impact of infection control measures in the transmission process. Solid lines represent the transitions between population groups and dashed lines represent the transmission between patients and HCWs. (A) Impact of universal (horizontal) control measures: (1) hand hygiene (HH) (reduces the transmission among patients and HCWs); (2) antibiotic restriction (reduces the risk of transmission from colonised patients receiving antibiotics to HCWs or from contaminated HCWs to uncolonised patients receiving antibiotics). (B) Impact of targeted (vertical) control measures: screening of patients on intensive care unit admission and identification of patients who had positive screening results (patients surrounded be a shaded box). Implementation of: (1) contact precautions (HH reduces the transmission from identified ESBL-PE carriers to HCWs); (2) cohorting of identified ESBL-PE carriers and attribution of a dedicated HCW (prevents the transmission from cohorted patients to other HCWs and patients). Note that we included two categories of colonised patients: (1) who had false-negative admission screening results and (2) who had positive admission screening results (patients surrounded by a shaded box).](bmjopen-2017-017402f01){#F1}

### Model simulations and outcomes {#s2a1}

Simulations of the model were performed using Gillespie's method and programmed in C++ language. The outcomes (cases of ESBL-PE transmission, infections, cost of intervention, cost of infections) were calculated after a period of 1 year and averaged over the 1000 Monte Carlo simulations. Cost-effectiveness analysis and graphics were performed in R.[@R13]

Base case scenario {#s2b}
------------------

In the base case scenario, with no control intervention, we considered that compliance with HH before/after contact with a patient was 55%/60%, respectively,[@R14] and 56% of patients received antibiotics at ICU admission.[@R15]

Infection control strategies {#s2c}
----------------------------

### Universal approaches {#s2c1}

We evaluated control strategies implemented in all patients (independently of their colonisation status) who comprised one or both of the following interventions: (1) improved compliance with HH and (2) antibiotic stewardship. For HH, we considered different levels of compliance. First, compliance with HH before/after contact with a patient was improved from 55%/60% at baseline to 55%/80% or 80%/80%. Second, antibiotic stewardship resulted in halving the proportion of patients on antibiotics at ICU admission and in reducing by 25% the duration of antibiotic treatment.

### Targeted approaches {#s2c2}

We evaluated two strategies that combined screening of patients for ESBL-PE at ICU admission and one of the following interventions implemented: (1) contact precautions (improved compliance with HH before/after contact with carriers to 80%/80%) or (2) cohorting of ESBL-PE carriers with dedicated HCWs. HH compliance for other patients was maintained at baseline level.

### Mixed approaches {#s2c3}

We evaluated two strategies combining the targeted approaches with antibiotic stewardship.

Model parameters {#s2d}
----------------

Model parameters and their values are presented in online [supplementary table 1](#SP1){ref-type="supplementary-material"}.

Based on recent French data, we assumed that 15% of patients were colonised with ESBL-PE at ICU admission.[@R16]

Infection status was not included in the model, so we estimated the number of infections by multiplying the cumulated number of colonised patients after 1 year by the probability of developing an infection during an ICU stay, set at 16.4%.[@R17] Even though this value came from a recent large multicentre study, we also considered the impact of lower (8%) and higher (30%) probability of infection in alternative analyses.

Costs {#s2e}
-----

The analysis was performed from a public hospital perspective. Cost estimates are based on values reported in euros from 2015 (€1=US\$0.94). We considered the following costs in the model: (1) costs of intervention (material resources and personnel costs) and (2) costs of ESBL-PE infections. The cost of an ESBL-PE infection was estimated using the ESBL-PE-attributable LOS and the cost of a hospital bed-day for infected patients.[@R16] See [table 1](#T1){ref-type="table"} for cost parameters and online [supplementary text S1](#SP1){ref-type="supplementary-material"} for more details.

###### 

Cost parameters, their sources and ranges for sensitivity analyses

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                    Resource                                           Cost (€^\*^), mean   Cost (€^\*^),\   Source   Distribution
                                                                                                                                                            SD                        
  --------------------------------------------------------------------------------- -------------------------------------------------- -------------------- ---------------- -------- --------------
                                                                                    ICU bed-day                                        1583                 226              AP-HP    Gamma

  **Universal strategies**                                                                                                                                                            

  Hand hygiene                                                                      Alcohol-based hand rub                             0.011                0.0055           [@R47]   Gamma

  HCW's time per hand hygiene                                                       0.143                                              0.0714               [@R47]           Gamma    

  Infection control nurse at half-time/month†                                       2048‡                                              164                  AP-HP            Gamma    

  Antibiotic stewardship                                                            Infectious disease physician at half-time/month†   5500‡                273              AP-HP    Gamma

  **Targeted strategies**                                                                                                                                                             

  Screening                                                                         Screening test+laboratory costs                    40                   20               [@R48]   Gamma

  Contact precautions (=hand hygiene at 80%/80% with identified ESBL-PE patients)   Alcohol-based hand rub                             0.011                0.0055           [@R47]   Gamma

  HCW's time per hand hygiene                                                       0.143                                              0.0714               [@R47]           Gamma    

  Cohorting (additional HCW+contact precautions)                                    Additional full-time HCW/month†                    3598‡                642              AP-HP    Gamma

  Alcohol-based hand rub                                                            0.011                                              0.0055               [@R47]           Gamma    

  HCW's time per hand hygiene                                                       0.143                                              0.0714               [@R47]           Gamma    
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Costs of control strategies were based on material and personnel. For example, the cost of the HH improvement strategy included the cost of HH (hand rub and HCWs' time) and the cost of an infection control nurse working on the programme, that is, HH education, observation and feedback.

\*€1=US\$0.94.

†Assumption based on expert opinion.

‡Cost of staff from a hospital perspective (salary+employer contributions).

AP-HP, Assistance Publique-Hôpitaux de Paris; ESBL-PE, extended-spectrum beta-lactamase-producing Enterobacteriaceae; HCWs, healthcare workers; HH, hand hygiene; ICU, intensive care unit.

Cost-effectiveness evaluation {#s2f}
-----------------------------

To conduct the cost-effectiveness,[@R20] we estimated the costs associated with each intervention implemented, and the health benefits were related to the number of avoided cases of ESBL-PE infections. First, we determined whether any strategy was dominated by another in terms of costs and health benefits. Second, we determined whether any strategy was dominated through principles of extended dominance (ie, whether the incremental cost-effectiveness ratios (ICERs) decrease as the strategies increases in cost[@R20]). Finally, for the non-dominated strategies, we calculated the incremental cost per case of infection avoided, which is the ratio of the difference in costs between two strategies to the difference in health benefits. This process produces an 'efficient frontier' indicating more costly, but more effective strategies.

Sensitivity analysis {#s2g}
--------------------

We performed supplementary analyses to assess the impact of parameter uncertainty on the model's predictions. We first ran a univariate sensitivity analysis to evaluate the cost-effectiveness of strategies in settings with either low or high prevalence of patients colonised at admission (from 5% to 50%). We also considered the impact of a lower (8%) and a higher (30%) probability of infection in colonised patients. We then investigated the model assuming (1) a lower baseline compliance with HH (20%/40% or 40%/50%), (2) a lower sensitivity of the screening method used to detect ESBL-PE carriers at ICU admission, and (3) a lower, 30% reduction in antibiotic prescribing.

We also performed an analysis to explore the uncertainty in human time required in an HH programme and its potential effects. In this analysis, we varied the time an infection control nurse works on the programme (quarter-time, half-time or full-time) simultaneously with the level of HH compliance achieved (from 55%/60% to 80%/80% before after contact).

Finally, we performed a probabilistic sensitivity analysis to explore the effect of joint uncertainty across parameters on the cost-effectiveness of universal versus targeted strategies. We varied the following parameters concurrently: (1) number of HCW contacts with patients, (2) transmission parameters, (3) length of stay of ICU patients, (4) natural decontamination rate for HCW, (5) antibiotic initiation rate, (6) prevalence of ESBL-PE carriage among patients admitted to the ICU, (7) death rate of patients, (8) probability of infection in colonised patients and (9) cost parameters. We randomly sampled values from each of the parameter distributions and calculated the mean costs and mean number of infections for each strategy (averaged over 1000 simulations).

Results {#s3}
=======

In the absence of control interventions (base case strategy), 15 new acquisitions (ie, transmissions) and five infections due to ESBL-PE (those from new acquisitions and in patients colonised at admission) occurred per 100 admissions. Compared with the base case (strategy 1), all strategies reduced ESBL-PE acquisition and infections within 1 year ([figure 2](#F2){ref-type="fig"}).

![Patient outcomes after 1 year under the different control strategies tested. (A) New acquisitions (transmissions) of extended-spectrum beta-lactamase-producing Enterobacteriaceae (ESBL-PE) per 100 admissions. (B) Total number of ESBL-PE infections per 100 admissions in patients who: (1) acquired colonisation in the intensive care unit (ICU) and (2) those who were already colonised at ICU admission. Strategies are: (1) base case (reference strategy with no control intervention and hand hygiene compliance of 55%/60% before/after patient contact); (2) hand hygiene (HH) improvement to 80%/80%; (3) HH improvement to 55%/80%; (4) antibiotic reduction; (5) screening of all admissions and contact precautions for identified carriers; (6) screening of all admissions and cohorting of identified carriers; (7) HH improvement to 80%/80% and antibiotic reduction; (8) HH improvement to 55%/80% and antibiotic reduction; (9) screening of all admissions, contact precautions with identified carriers and antibiotic reduction; (10) screening of all admissions, cohorting of identified carriers and antibiotic reduction.](bmjopen-2017-017402f02){#F2}

Among universal strategies, HH compliance improvement to 80%/80% (strategy 2) was the most effective, resulting in a mean reduction to 2.9 acquired infections per 100 admissions. Among targeted strategies, screening of patients on admission and cohorting of carriers (strategy 6) was the most effective strategy and resulted in a mean reduction to 2.8 infections per 100 admissions. Screening followed by contact precautions (strategy 5) was the least effective in comparison with all other options. Adding antibiotic stewardship to HH or targeted strategies only slightly improved their effectiveness.

Cost-saving analysis {#s3a}
--------------------

In [table 2](#T2){ref-type="table"}, we present the estimated costs and outcomes over 1 year for all strategies. The mean total cost associated with the base case strategy was estimated at €105 344/100 admissions, €94 792 of which was related to infections and €10 552 to interventions. Investments in infection prevention was always cost saving because they avoided cases of ESBL-PE infections and thus costs associated with these infections. For instance, when HH compliance was improved to 80%/80%, the mean cost of the strategy implementation increased to €25 639/100 admissions, but the costs related to infections decreased to €54 916, resulting in an overall monetary benefit of €24 788/100 admissions in comparison with the base case. This strategy was associated with the highest savings within all evaluated strategies.

###### 

Results of cost-effectiveness analysis

  Strategy                                         No of ICU admissions   Total cost/100 admissions (€)   Cost of infections/100 admissions (€)   Cost of intervention/100 admissions (€)   Infections due to ESBL-PE/100 admissions   Incremental cost/100 admissions (ΔC) (€)   Incremental effect (ΔE) (infections avoided/100 admissions)   ICER (ΔC/ΔE) (€/infection avoided)
  ------------------------------------------------ ---------------------- ------------------------------- --------------------------------------- ----------------------------------------- ------------------------------------------ ------------------------------------------ ------------------------------------------------------------- ------------------------------------
  2: HH 80%/80%                                    573                    80 556                          54 916                                  25 639                                    2.9                                        --                                         --                                                            --
  7: HH 80%/80%+ATB reduction                      581                    88 498                          51 840                                  36 657                                    2.7                                        7 942^\*^                                  0.1619^\*^                                                    49 055^\*^
  10: Screening+cohorting+ATB reduction            584                    94 313                          50 058                                  44 255                                    2.6                                        5 815^†^                                   0.0938^†^                                                     61 994^†^
  3: HH 55%/80%                                    548                    84 751                          66 773                                  17 978                                    3.5                                                                                                                                                 Dominated^‡^
  6: Screening+cohorting                           575                    86 713                          53 278                                  33 435                                    2.8                                                                                                                                                 Dominated^§^
  8: HH 55%/80%+ATB reduction                      565                    88 621                          59 445                                  29 176                                    3.1                                                                                                                                                 Dominated^‡^
  9: Screening+contact precautions+ATB reduction   546                    94 309                          67 560                                  26 749                                    3.6                                                                                                                                                 Dominated^‡^
  5: Screening+contact precautions                 519                    96 716                          81 582                                  15 134                                    4.3                                                                                                                                                 Dominated^‡^
  4: ATB reduction                                 528                    100 128                         77 641                                  22 486                                    4.1                                                                                                                                                 Dominated^‡^
  1: Base case                                     498                    105 344                         94 792                                  10 552                                    5.0                                                                                                                                                 Dominated^‡^

\*Relative to strategy 2.

†Relative to strategy 7.

‡Dominated: a strategy is dominated when it has higher cost and lower health benefit than another strategy.

§Dominated by extended dominance: strategy is dominated by extended dominance if the linear combination of other strategies produces greater benefit at lower cost.

ATB, antibiotic; ESBL-PE, extended-spectrum beta-lactamase-producing Enterobacteriaceae; HH, hand hygiene; ICER, incremental cost-effectiveness ratios; ICU, intensive care unit.

Cost-effectiveness analysis {#s3b}
---------------------------

HH compliance improvement to 80%/80% was the least expensive strategy. However, two strategies required higher investments than the HH programme, but also improved health benefits. To help choose between strategies, we calculated the ICER ([figure 3](#F3){ref-type="fig"}). The ICER of HH improvement to 80%/80% and antibiotic stewardship (strategy 7) versus HH compliance improvement to 80%/80% was estimated at €49 055/avoided infection ([table 2](#T2){ref-type="table"}). The ICER of screening, cohorting and antibiotic stewardship (strategy 10) versus HH improvement to 80%/80% and antibiotic stewardship was estimated at €61 994/avoided infection. Other strategies were dominated (more expensive and less effective).

![Cost-effectiveness plane showing the incremental health benefits (infections avoided) and costs relative to the least expensive strategy (strategy 2). Strategies 1, 3, 4, 5, 8, 9 are dominated as they have both a worse outcome and a higher cost. The efficiency frontier (grey line), joins strategy 2 with more expensive and more efficient strategies (7 and 10). Strategy 6 is extended to this frontier and excluded by the principle of extended dominance. The slope of the efficiency frontier represents the incremental cost-effectiveness. Strategies are: (1) base case (reference strategy with no control intervention and hand hygiene (HH) compliance of 55%/60% before/after patient contact); (2) HH improvement to 80%/80%; (3) HH improvement to 55%/80%; (4) antibiotic (ATB) reduction; (5) screening of all admissions and contact precautions with identified carriers; (6) screening of all admissions and cohorting of identified carriers; (7) HH improvement to 80%/80% and antibiotic reduction; (8) HH improvement to 55%/80% and antibiotic reduction; (9) screening of all admissions, contact precautions with identified carriers and antibiotic reduction; (10) screening of all admissions, cohorting of identified carriers and antibiotic reduction.](bmjopen-2017-017402f03){#F3}

Sensitivity analysis {#s3c}
--------------------

Findings from sensitivity analysis showed the robustness of predictions to: (1) the lower/higher prevalence of ESBL-PE carriage on ICU admission, (2) the lower/higher probability of infections in colonised patients, (3) the baseline compliance with HH lower than in our core analysis (20%/40% or 40%/50%), (4) the lower sensitivity to detect ESBL-PE carriers at ICU admission and (5) the 30% reduction in antibiotic prescribing. Results of this analysis are shown in online [supplementary text S2](#SP2){ref-type="supplementary-material"}, and [supplementary figures 1 and 2](#SP2){ref-type="supplementary-material"} [supplementary tables 1--4](#SP2){ref-type="supplementary-material"}.
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In a second sensitivity analysis, we focused on human time and performance to improve HH compliance. If an infection control nurse was assumed to work quarter-time, half-time or full-time on the programme, the HH compliance had to increase by at least 5%, 7.5% or 15%, respectively, to make the programme cost saving compared with the base case (online [supplementary table S5A)](#SP2){ref-type="supplementary-material"}.

In comparison with the screening and cohorting strategy, the HH improvement was cost saving when an infection control nurse worked quarter-time or half-time on the programme, and HH compliance increased by at least 12.5% or 17.5%, respectively. The screening and cohorting strategy dominated the HH improvement programme when an infection control nurse was working full-time on the programme (online [supplementary table S5B)](#SP2){ref-type="supplementary-material"}.

Finally, the probabilistic sensitivity analysis showed that improvement of HH to 80%/80% (strategy 2) was less expensive than the screening and cohorting intervention (strategy 6) in 91% of simulations. Among them, in 42% of simulations, the HH strategy was less expensive but more effective (dominated the strategy 6), and in 49% of runs the screening and cohorting was more effective and more expensive (online [supplementary figure S3)](#SP2){ref-type="supplementary-material"}. Screening and contact precautions (strategy 5) were always less effective than improvement of HH to 80%/80% (strategy 2) (online [supplementary figure S4)](#SP2){ref-type="supplementary-material"}.

Discussion {#s4}
==========

The impact of infection control strategies for preventing ESBL-PE transmission is controversial because clinical studies cannot account for the multiple confounding factors, notably both infection control measures and antibiotic stewardship. Despite several recent high-level interventional studies (Climo *et al*, [@R22] Derde *et al*, [@R9] Huang *et al* [@R23]), the most effective and cost-effective interventions for controlling MDROs are still debated. Since the spread of ESBL-PE between patients is a dynamic and complex process, modelling can help for understanding the transmission mechanisms and deciding which intervention are to be preferred (Doan *et al*, [@R24] Grundmann and Hellriegel[@R25]).

Our model estimated the annual burden of ESBL-PE infections in a French ICU at €94 792 per 100 admissions in the base case strategy. Several prior studies have reported the cost of infections due to MDROs in the ICU.[@R26] However, even though all authors underlined the high costs of infections, comparison between studies remains difficult. Estimated costs varied according to the country, but also to the population studied, for example, patients with site-specific or micro-organism-specific infections. Moreover, the methods used to estimate the costs were not similar in all publications.

In recent years, mathematical models have increasingly been used to study the cost-effectiveness of control strategies. For example, Robotham *et al* [@R30] compared a wide range of strategies to control MRSA transmission in ICUs and found that universal decolonisation was the most cost-effective option. In another study, Gidengil *et al* [@R31] compared hospital strategies to prevent MRSA transmission and infections in an ICU. They confirmed that universal decolonisation was the most cost saving.

While decolonisation regimens have been indicated as cost-effective for MRSA, only a few studies have examined the effect of decolonisation on ESBL-PE carriage.[@R32] These studies have shown that decolonisation strategies might be efficacious only in the short term. Moreover, they have reported the risk of emergence of resistance to antibiotics used for decolonisation, namely to colimycin, which is the last-line effective therapy against carbapenemase-producing Enterobacteriaceae.[@R33] Thus, decolonisation was not considered in our study.

Our study is the first to compare the effectiveness and the costs of universal and targeted control strategies in the context of the spread of ESBL-PE in ICUs. Our model predicted that improving HH to 80%/80% in contacts with all patients would prevent 83% of ESBL-PE acquisitions and avoid at least two out of five infections per 100 admissions. This strategy represented the most cost saving, with a monetary benefit of €24 788 per 100 admissions.

The association between HH and reduction of MDROs infections has long been known and HH has been accepted as a crucial component of infection prevention.[@R34] HH has in addition the benefit of being effective for reducing transmission of many resistant or susceptible bacteria.[@R34] A recent publication reported that a programme designed to control MRSA by implementing universal components in addition to screening and contact precautions for MRSA carriers also effectively reduced the incidence of resistant gram-negative bacteria, the most likely being ESBL-PE.[@R10] Thus, an HH programme designed to reduce ESBL-PE transmission may have positive effects on reducing the transmission of other micro-organisms, and the overall economic benefit of an HH programme for the hospital might be greater than reported in our study.

Despite the confirmed effectiveness of HH and national and international recommendations, compliance with HH remains low and is often lower than values used in our base case analysis.[@R35] Furthermore, improving HH compliance from 60% to 80% may be far more difficult and costly, challenging than improving from lower baseline level. However, we showed in a sensitivity analysis that improving HH remained the most cost-saving strategy even in a low baseline compliance scenario. Different strategies have been suggested to improve HH in hospitals,[@R37] but the evidence-based approach is still lacking. Recently, a review[@R38] concluded that a multimodal strategy proposed by WHO and consisting of five components: (1) system change, (2) training and education, (3) observation and feedback, (4) reminders in the hospital and (5) a hospital safety climate, was effective at increasing HH among HCWs. Moreover, the authors underlined that additional measures (eg, reward incentives for reaching a certain level of compliance) could lead to further improvements. In our study, we assumed that a key component of an HH programme was a dedicated staff working on the programme (ie, HH education, observation and feedback). We hypothesised, for example, that to improve HH compliance an infection control nurse working half-time would be sufficient. However, this assumption was based on expert opinion; we performed a sensitivity analysis to explore the uncertainty of the required time dedicated to the HH programme and its expected effects.

Screening strategies have been used to prevent transmission of MDROs; however, in a sensitivity analysis, we showed that improvement of HH to 80%/80% was always more effective than screening and contact precautions and mostly less expensive than the screening and cohorting intervention. However, we can hypothesise that in the case of highly resistant bacteria (eg, carbapenem-resistant Enterobacteriaceae) where there is a highest clinical impact on the outcomes of infected patients, given the lack of therapeutic options, a rapid identification and cohorting of carriers may be more beneficial from the hospital but also societal perspective.

Antibiotic use is the major driver for the selection of antibiotic-resistant bacteria[@R39] and many strategies have been proposed to reduce the use of antibiotics in hospitals.[@R40] These strategies could be implemented and associated with different efficacies and costs.[@R41] Here, we considered that antibiotic stewardship, based on the introduction of an infectious disease specialist to the ward, led to a 50% reduction in antibiotic use.[@R42] However, despite this optimistic scenario, we found that antibiotic stewardship was less effective than HH or a screening and cohorting strategy.

Under the hypotheses used in our model, we also demonstrated in a previous study through sensitivity analyses that antibiotic parameters did not significantly influence the effectiveness of interventions.[@R12]

However, adding antibiotic stewardship to an HH strategy slightly improved its effectiveness and may be worthy of consideration if the decision-makers are willing to pay at least €49 055per infection avoided (we calculated that it would be equivalent to €5 562 per life-year gained (LYG)). Combining antibiotic stewardship with screening and cohorting was even more effective than combining HH and antibiotic stewardship, but with an additional cost of €61 994 per infection avoided (or €7 030/LYG).

Our study has several strengths. First, we used a dynamic model to represent interactions between patients and HCWs and to take into account that the risk of colonisation in the ICU depends on the number of ESBL carriers and could change over time. Moreover, our model incorporated the key elements of ESBL-PE transmission, such as the impact of prevalence at admission or antibiotic treatment. Second, we used input parameters derived from recent multicentre studies. Third, we estimated the cost of HCW according to the time they spend working on the programme based on the best evidence from the literature and expert opinion. Finally, we assessed the impact of uncertainty in parameter estimation and the impact of model assumptions on the model's predictions by performing multiple sensitivity analyses.

Our study also has several limitations. ICU parameters and costs were based mostly on French data, and ESBL-PE infections, prevalence, compliance with control measures and costs may be different in other countries.

A recent multicentre cohort study[@R17] found no difference in LOS between infected and colonised patients. Thus, in order to simplify assumptions, the 'infected' state was not included to the model. However, infected patients are potentially more contaminating HCW hands, disseminating the organism in the environment and increase the transmissibility.[@R43] Thus, consequently we may have underestimated the number of acquisitions in the ICU and the impact of control measures.

The epidemiological characteristics of ESBL-PE are complex and may vary, depending on ESBL-PE species. For example, Thiébaut *et al* [@R44] showed that *E. coli* ESBL was mainly imported (66%) and *K. pneumoniae* ESBL was acquired (77%). Furthermore, the differential capacity of cross-transmission between ESBL *E. coli* and other Enterobacteriaceae has been clearly established.[@R45] In a previous publication from our group,[@R12] however, we showed no difference in the effectiveness of control measures, whatever the Enterobacteriaceae considered, either *E. coli* or another Enterobacteriaceae. We therefore decided to consider Enterobacteriaceae globally, a situation that can be extended to carbapenemase-producing Enterobacteriaceae.

We modelled an ICU as a single-room unit where transmission among patients results via contacts with HCWs. In the absence of detailed information on transmission of ESBL-PE in hospital wards, we ignored direct HCW-to-HCW transmissions as well as environmental contamination or excreta management.

ESBL-PE acquisition in the ICU can lead to transmission from an ICU-acquired case and infection in downstream units, thus increasing costs of hospitalisation. Moreover, colonisation with ESBL-PE may persist several months after hospital discharge,[@R46] therefore increasing the risk of infection with potential subsequent treatment failure. Thus, an efficient intervention to prevent the inhospital cross-transmission may also have an impact on the prevention of postdischarge infections and the need for readmissions.

Our cost evaluation therefore underestimated health benefits and cost savings resulting from inhospital interventions to control ESBL-PE, but participate to demonstrate the usefulness of inhospital intervention to prevent further costs.

Conclusion {#s5}
==========

Our study suggests that a universal approach with improved compliance with HH was the most cost-saving strategy to prevent the transmission of ESBL-PE in an ICU setting. Screening and cohorting of carriers had comparable effectiveness to HH improvement, but was more expensive.

Antibiotic stewardship was not cost-effective in comparison with other options. However, adding antibiotic restriction to the HH or the screening and cohorting strategies slightly improved their effectiveness and may be worthy of consideration by decision-makers.
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